Aims/hypothesis We aimed to investigate potential interactions between insulin and glucagon-like peptide (GLP)-1 signalling pathways in the regulation of beta cell-cycle dynamics in vivo, in the context of the therapeutic potential of GLP-1 to modulate impaired beta cell function.
Methods Beta cell-specific insulin receptor knockout (βIRKO) mice, which exhibit beta cell dysfunction and an age-dependent decrease in beta cell mass, were treated with the dipeptidyl peptidase-4 inhibitor vildagliptin. Following this, glucose homeostasis and beta cell proliferation were evaluated and underlying molecular mechanisms were investigated. Results The sustained elevation in circulating GLP-1 levels, caused by treatment of the knockout mice with vildagliptin for 6 weeks, significantly improved glucose tolerance secondary to enhanced insulin secretion and proliferation of beta cells. Treating βIRKO beta cell lines with the GLP-1 analogue, exendin-4, promoted Akt phosphorylation and protein expression of cyclins A, D1 and E two-to threefold, in addition to cyclin D2. Pancreases from the vildagliptin-treated βIRKO mice exhibited increased cyclin D1 expression, while cyclin D2 expression was impaired. Conclusions/interpretation Activation of GLP-1 signalling compensates for impaired growth factor (insulin) signalling and enhances expression of cyclins to promote beta cell proliferation. Together, these data indicate the potential of GLP-1-related therapies to enhance beta cell proliferation and promote beneficial outcomes in models with dysfunctional beta cells. Electronic supplementary material The online version of this article (doi:10.1007/s00125-017-4303-6) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
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Introduction
Type 2 diabetes is characterised by impaired beta cell function and an inability to compensate for peripheral insulin resistance [1] . These abnormalities are recognised in the impaired glucose tolerance stage where a progressive reduction in beta cell mass is already evident before the development of overt disease [2] . Thus, retention of beta cell mass is important for preventing progression of the disease. Recently, novel therapeutic approaches such as glucagonlike peptide-1 (GLP-1) analogues and enhancers have emerged as important players in the treatment of type 2 diabetes [3] . Some reports suggest that the effects of GLP-1 on beta cell proliferation and secretory function occur as a consequence of cross talk with proteins in the insulin signalling pathway and by modulation of transcription factors including pancreatic and duodenal homeobox 1 (PDX-1) [4, 5] . cAMP response-element binding protein (CREB), activated by GLP-1 signalling via the cAMP-protein kinase A (PKA) pathway, acts by transactivation of insulin and IRS2 gene expression to promote proliferation and prevent apoptosis of beta cells [6] [7] [8] [9] . Indeed, multiple lines of evidence indicate a significant role for insulin/IGF-1 signalling in beta cell biology [10] . Mice lacking functional insulin [11] or IGF-1 [12, 13] receptors in beta cells develop glucose intolerance and the former develop an age-dependent decrease in beta cell mass [11] . Similarly, various proteins in the signalling pathway, including IRS proteins and Akt, are critical in the regulation of beta cell function and mass [10, 14] . GLP-1 has also been reported to upregulate IGF-1 receptor expression and protect beta cells from cytokine-induced apoptosis [15, 16] . However, the mechanisms that underlie the effects of GLP-1 on beta cell growth in the context of insulin resistance or attenuated growth factor (insulin) signalling are not fully explored.
Cell-cycle progression is essential for beta cell growth and cyclins play a central role in regulating the cell cycle [17] . Mice with cyclin D2 disruption display a decrease in beta cell proliferation leading to the development of diabetes [18, 19] ; this is exacerbated when the mice are insulin resistant [20] . Conversely, cyclin D1 overexpression increases beta cell proliferation and mass [21] . In beta cells, cyclins are linked with proteins in both the insulin-IGF-1 and GLP-1 signalling pathways [22] [23] [24] [25] .
In this study, to dissect the effect of GLP-1-related therapies specifically on pancreatic beta cells independent of systemic effects of diabetes, we chose to investigate the beta cellspecific insulin receptor knockout (βIRKO) mouse, a model that exhibits impaired beta cell function, including glucosestimulated insulin secretion (GSIS) and progressive reduction of beta cell mass [11] . In previous studies, interrogation of the functional interactions between insulin and GLP-1 signalling pathways revealed that elevating circulating GLP-1 levels in these knockout mice enhances beta cell proliferation secondary to an increase in the expression of cyclins, and improved glucose tolerance. Thus, data generated using these mouse models may have therapeutic implications for GLP-1 in the treatment of individuals with type 2 diabetes who exhibit insulin resistant beta cells [26, 27] . The present study aimed to investigate interactions between insulin and GLP-1 signalling pathways in the regulation of beta cell-cycle dynamics in vivo, to elucidate the potential of GLP-1 to modulate impaired beta cell function.
Methods
Animals and physiological assays The βIRKO mice and littermate control insulin-receptor-floxed mice on a C57B6 background were obtained as described [11] and housed in pathogen-free facilities on a 12 h light-dark cycle at the Animal Care Facility of Joslin Diabetes Center, Boston, MA, USA. All protocols were approved by the Institutional Animal Care and Use Committee of the Joslin Diabetes Center and were in accordance with NIH guidelines. Blood glucose was monitored using an automated glucose monitor (Ascensia Elite; Bayer, Whippany, NJ, USA), plasma insulin by ELISA (Crystal Chem, Downers Grove, IL, USA), plasma GLP-1 by ELISA (EMD Millipore, Billerica, MA, USA) and plasma dipeptidyl peptidase-4 (DPP-4) activity by ELISA (Novartis, Cambridge, MA, USA). IPGTT (2 g/kg body weight), OGTT (1 g/kg body weight) and in vivo GSIS measurements (3 g/kg body weight) were performed after mice had been fasted for 15 h overnight [11] .
Vildagliptin treatment Twenty-four-week-old βIRKO mice without diabetes or control male mice were treated with or without vildagliptin (Novartis) in drinking water (0.5 mg/ml, >1 mg/day) [28] for 6 weeks. The mice were randomly assigned as either control (H 2 O) or treatment (vildagliptin) groups by the cage numbers where they were kept. Body weight and blood glucose were measured twice a week. OGTT and in vivo GSIS were measured before and during the treatment course (OGTT on day 32, GSIS on day 39). After treatment (day 42) mice were fasted overnight, and blood samples were collected 5 min after oral glucose load (1 g/kg body weight). Mice were injected with BrdU (100 mg/kg body weight, i.p.) and 5 h later pancreases were harvested for morphological analyses. We performed two independent experiments using the same protocol and the data are described in combination. All mice were included in the analyses, as none exhibited health problems such as tumour, injury or malocclusion of the teeth.
Pancreas morphometry Dissected pancreases were weighed, processed [11] and immunostained for insulin (EMD Millipore), BrdU (DAKO, Carpinteria, CA, USA), phosphohistone H3 (p-HH3; EMD Millipore), cyclin D1 (Cell Signaling Technology, Danvers, MA, USA) and cyclin D2 (Santa Cruz Biotechnology, Dallas, TX, USA). Beta cell mass was analysed as described previously [12] . The numbers of total and p-HH3-or BrdU-positive beta cells were scored and data were expressed as a percentage of the 5000 beta cells counted.
Cell culture Control and βIRKO beta cell lines were cultured in DMEM as described [29, 30] and used between passages 11 to 29. Absence of mycoplasma contamination was confirmed every 6 months. Briefly, for acute stimulation, cells cultured in DMEM with 3 mmol/l glucose and/or 10 μmol/l nifedipine (Sigma-Aldrich, St Louis, MO, USA) for 16 h were subsequently stimulated with GLP-1 (10 nmol/l) and/or human insulin (5 or 100 nmol/l; Sigma-Aldrich) for 15 min, and protein samples were extracted immediately. For chronic stimulation, cells were cultured in DMEM containing 3 mmol/l glucose and/or 10 nmol/l exendin-4 (Sigma-Aldrich) and/or 200 nmol/l OSI-906 (Selleck, Houston, TX, USA) for 24 h. For protein-stability analysis, control cells were treated with 100 μg/ml cycloheximide (CHX; Sigma-Aldrich). See electronic supplementary material (ESM) Methods for further details. In general, we performed at least three independent experiments for statistical analyses.
Western blotting Western blot analysis was performed as described previously [31] . The antibodies used are listed in ESM Table 1 . Dilutions: ×1000 for primary antibodies, and ×5000-10,000 for secondary antibodies. Densitometry was performed using NIH Image J software (version 1.50i; National Institute of Mental Health, Bethesda, MD, USA).
Insulin secretion Control and βIRKO beta cell lines were seeded into 12-well dishes 48 h prior to secretion experiments. Sixteen hours before the experiment, cells were cultured in DMEM media containing 3 mmol/l glucose with or without 10 μmol/l nifedipine. The cells were pre-incubated for 30 min at 37°C in 1000 μl of 10 mmol/l HEPES-balanced KrebsRinger bicarbonate buffer (KRBB; pH 7.4) supplemented with 3 mmol/l glucose with or without 10 μmol/l nifedipine. Then, the cells were incubated for 30 min at 37°C in 1000 μl of the KRBB containing different concentrations of glucose with or without 10 nmol/l GLP-1 or 10 μmol/l nifedipine. The supernatant fractions were collected for insulin assay by RIA (EMD Millipore). Data are expressed as ratios after normalisation for basal insulin secretion (3 mmol/l glucose).
Adenovirus and lentivirus transduction Pre-packaged adenovirus containing an internal ribosome entry site (IRES) and expressing Cre recombinase and green fluorescent protein (GFP; Ad-Cre-IRES-GFP and Ad-GFP) were purchased from Vector Biolabs (Malvern, PA, USA). Human wild-type IR open reading frames (kindly provided by J. Whittaker, Case Western Reserve University, Cleveland, OH, USA) were cloned into the pCDH-CMV-MCS-EF1-Puro lentiviral vector (System Biosciences, Palo Alto, CA, USA). See ESM Methods for further details, and ESM Table 2 for primers.
Statistics All data are presented as mean ± SEM and were analysed using an unpaired two-tailed Student's t test or ANOVA, with Tukey-Kramer's post hoc tests as appropriate.
Results
DPP-4 inhibitors promote beta cell proliferation in βIRKO mice
To explore interactions between insulin and GLP-1 signalling pathways in vivo, we compared the βIRKO mouse model with littermate control insulinreceptor-floxed mice [11] . βIRKO mice displayed glucose intolerance in response to oral glucose load following an OGTT (Fig. 1a) . The GLP-1 peptide exhibits a short half-life in vivo because of its rapid degradation by DPP-4 [32] . To achieve sustained stimulation of GLP-1 signalling we elevated endogenous GLP-1 levels by treating mice with the DPP-4 inhibitor vildagliptin (0.5 mg/ml in drinking water, estimated dose >1 mg/day per mouse) for 6 weeks. OGTTs performed on day 32 of treatment revealed significantly improved glucose tolerance in βIRKO mice (Fig. 1b) . Although we noted a slight but insignificant increase in basal levels of DPP-4 in the βIRKO mice, at the end of the treatment period, a significantly reduced DPP-4 activity in the βIRKO and control groups confirmed successful inhibition of DPP-4 ( Fig. 1c) . Plasma levels of GLP-1, 5 min after an oral glucose load, were significantly higher in vildagliptin-treated βIRKO mice than in vehicle-treated βIRKO mice; GLP-1 levels in the former group were also significantly higher than in vildagliptintreated control mice (Fig. 1d) . Consistent with these findings, vildagliptin treatment significantly improved insulin secretion 5 min after oral glucose administration in βIRKO mice (Fig. 1e) . In contrast, the improvement in insulin secretion observed in vildagliptin-treated control mice did not reach statistical significance.
Histomorphometric analyses of pancreases ( Fig. 2a) , revealed an increase in the beta cell mass in vildagliptin-treated βIRKO mice (Fig. 2b) . Consistently, the number of BrdU-positive and p-HH3-positive beta cells in vildagliptintreated βIRKO mice displayed a robust increase (Fig. 2c, d ), indicating that DPP-4 inhibitor therapy and consequent enhanced circulating GLP-1 promoted beta cell proliferation and significant increase in beta cell volume. Interestingly, in the vildagliptin-treated βIRKO group, only a subset of the mice exhibited a significant increase in beta cell proliferation ( Fig. 2c) , suggesting a variable response. On the other hand, we did not detect a significant increase in apoptotic beta cells in βIRKO mice, as assessed by TUNEL assay (data not shown). Vildagliptin treatment did not significantly alter random fed blood glucose levels in either group (ESM Table 3 ) but was associated with changes in body weight in the βIRKO mice (ESM Table 4 ).
The inhibition of DPP-4 also enhances another incretin, glucose-dependent insulinotropic peptide (GIP) [32] . Thus, to avoid the confounding effects on GIP and examine the direct effects of GLP-1, we treated glucose-intolerant βIRKO mice and control mice with GLP-1 (500 μmol/kg body weight) or saline (154 mmol/l NaCl) intraperitoneally, twice a day, for 20 consecutive days (ESM Methods, ESM Fig. 1a, b) . The physiological effect of GLP-1 administration was confirmed by the significant blood-glucose-lowering effect observed 30 min after injection in both groups ( ESM  Fig. 1c) ; βIRKO mice were significantly more responsive than control mice to GLP-1 administration. At the end of the 20 day treatment (day 21), morphological analyses of pancreas sections revealed a significant increase in proliferating beta cells in GLP-1-treated βIRKO mice as demonstrated by a greater number of p-HH3-positive beta cells (ESM Fig. 1d , e). There was no significant alteration in islet beta cell mass (data not shown), random fed blood glucose (ESM Table 5 ), body weight (ESM Table 6 ) or glucose tolerance (ESM Fig. 1b) in either group.
GLP-1 induces activation of Akt signalling in beta cell lines independent of insulin action Next, to investigate the potential mechanism(s) underlying the in vivo effects of GLP-1 we used beta cell lines derived from βIRKO mice [29] which, as expected, exhibited a compensatory increase in the expression of IGF-1 receptors [29] but showed a normal complement of GLP-1 and EGF receptors compared with control beta cell lines from insulin-receptor-floxed mice (Fig. 3a) .
Acute GLP-1 stimulation (10 nmol/l, 15 min) induced phosphorylation of CREB (Fig. 3b) , indicating intact GLP-1 signalling, in both beta cell lines. GLP-1 treatment enhanced phosphorylation of Akt (Fig. 3b) and its downstream target p70S6K (data not shown) in both cell lines. The mild effects of exogenous insulin on Akt phosphorylation were likely due to the upregulation of IGF-1 receptors in βIRKO cells. Notably, in control beta cells, GLP-1-stimulated Akt phosphorylation was more robust compared with the effects of insulin stimulation alone, suggesting additional effects of direct GLP-1 action and local effects of secreted insulin.
To investigate the effects of GLP-1 and insulin on Akt phosphorylation, βIRKO and control cell lines were stimulated with either low (5 nmol/l) or high (100 nmol/l) concentrations of insulin for 15 min in the presence or absence of GLP-1 (Fig. 3c) Stimulation with GLP-1 (10 nmol/l) in the presence of increasing concentrations of insulin (5 or 100 nmol/l) further enhanced Akt phosphorylation when compared with the effects of either agent alone, suggesting that GLP-1 induces Akt phosphorylation independent of and distinct from the effects of exogenous insulin. We also observed that in βIRKO cells, the stimulation of Akt phosphorylation that was evident with 10 nmol/l GLP-1 was enhanced when the insulin dose was increased to 100 nmol/l, probably mediated by the upregulated IGF-1 receptor expression (Fig. 3c) . Next, to circumvent the effects of secreted insulin on Akt phosphorylation, we pre-treated cells with the L-type Ca 2+ channel blocker, nifedipine, for 16 h to inhibit insulin exocytosis [33] . In non-nifedipine-treated control beta cells, GLP-1 stimulation resulted in greater Akt phosphorylation when compared with insulin stimulation (Fig. 3d) . In nifedipine-treated cells, in which GLP-1-induced insulin exocytosis is suppressed thus limiting the effects of secreted insulin (ESM Fig. 2b ), acute GLP-1 treatment induced Akt phosphorylation to a similar degree to that seen after exogenous insulin stimulation (Fig. 3d) . In addition, in βIRKO cells, GLP-1 treatment stimulated Akt phosphorylation even in the presence of nifedipine (Fig. 3d) .
We also stimulated control beta cells with GLP-1 or insulin in the presence of a dual inhibitor for insulin and IGF-1 receptors (OSI-906) to assess the effect of secreted insulin induced by GLP-1 on insulin and IGF-1 receptor signalling. Treatment of control beta cells with OSI-906 completely blocked phosphorylation of insulin and IGF-1 receptors (Fig. 4a, b) . The upregulation of Akt phosphorylation induced by treatment with GLP-1 or insulin for 15 min was suppressed by the OSI-906 treatment (Fig. 4a) . On the other hand, in the presence of OSI-906, 24 h stimulation with the GLP-1 receptor agonist exendin-4 (Ex-4) was still able to significantly upregulate Akt phosphorylation in contrast to the blunted effects of insulin (Fig. 4b) . GLP-1 signalling upregulates multiple cyclins in beta cells lacking functional insulin receptors Since our in vivo data indicated that activation of GLP-1 signalling in βIRKO mice enhanced beta cell proliferation, we examined the effects of chronically activating GLP-1 signalling in vitro by Ex-4 (10 nmol/l, 24 h; Fig. 5a, b) . Ex-4 treatment increased the expression of cyclin D2 in βIRKO beta cells and control insulin-receptor-floxed mouse beta cells while enhancing Akt phosphorylation only in the former. A concomitant significantly increased expression of cyclins A, D1 and E was also evident in βIRKO cells but not in control cells. Ex-4 treatment had no apparent effect on the expression of cyclindependent kinases (CDKs) 2 and 4 in either group. The basal expression of cyclin D2 was decreased in βIRKO cells (Fig. 5a ).
Insulin receptor signalling modulates the protein expression of cyclin D2 in clonal beta cells Next, we focused on the alteration in expression of cyclin D2 in βIRKO mouse beta cells. Cyclin D2 gene expression evaluated by real-time quantitative PCR displayed a robust increase in βIRKO cells (Fig. 6a) in contrast to the decrease in cyclin D2 protein.
To further interrogate this disconnect between gene and protein expression we analysed protein stability of cyclin D2 by treating the cells with an inhibitor of protein biosynthesis, CHX. The degradation of cyclin D2 protein, however, was similar in control and βIRKO cells (Fig. 6b) . We then sought to directly assess the impact of disruption of insulin signalling on cyclin D2 expression by knocking down the insulin receptor in control insulin receptor-floxed cells using Cre recombinase-expressing adenovirus. The virtual absence of insulin receptor expression following Cre expression was associated with a reduction in cyclin D2 protein (Fig. 6c) . Conversely, reconstitution of human insulin receptor expression by lentiviral gene transfer in βIRKO cells significantly enhanced the expression of cyclin D2 protein (Fig. 6d) .
To dissect the mechanisms underlying the decrease in cyclin D2 expression in βIRKO cells, we analysed the downstream signalling proteins reported to be involved in cyclin D2 expression (Fig. 7a,b) . The phosphorylation of FoxO3 and GSK3β in control insulin receptor-floxed cells was significantly enhanced by GLP-1 treatment. In the βIRKO cells, phosphorylation of these proteins was also elevated by GLP-1 but not by insulin treatment. However, the magnitude of phosphorylation in the βIRKO cells was generally lower than in control cells, suggesting an impairment of cyclin D2 expression. There was no change in c-Myc expression either between cells or following treatment. Among cell-cycle inhibitors, expression of p27 was significantly increased in βIRKO cells, while p57 Kip2 and p19 were not significantly altered (Fig. 7a, b) . DPP-4 inhibitor treatment upregulates cyclin D1 in βIRKO mice Consistent with in vitro data showing altered regulation of cyclins, histological analyses of βIRKO mouse pancreas sections revealed impaired cyclin D2 expression in beta cells (Fig. 8a) . However, while the protein expression of cyclin D1 in the basal state was not reduced in islets from βIRKO mice when compared with islets from control insulin receptor-floxed mice, its expression appeared to be enhanced by vildagliptin treatment (Fig. 8b) . This result is consistent with the increase in expression of the cyclins D1 and D2 in Ex-4-treated βIRKO cell lines (Fig. 5a) . The mRNA expression of the cyclins D1 and D2 was not reduced in the islets from βIRKO mice vs control mice (Fig. 8e, f) . 
Discussion
In this study, we investigated the effects of incretins in a unique mouse model of diabetes that exhibits beta cell defects also evident in humans with impaired glucose tolerance.
Enhancing the activity of GLP-1 in βIRKO mice led to an increase in beta cell proliferation secondary to an upregulation of cyclins, with subsequent promotion of secretory function and improvement in glucose tolerance. These findings have therapeutic implications for the use of incretins in improving beta cell mass and function in individuals with impaired glucose tolerance or type 2 diabetes who manifest defective growth factor signalling in beta cells. GLP-1 has been reported to improve the function of beta cells by enhancing their proliferation in several rodent models of type 2 diabetes [34] . Though supraphysiological levels of incretins are necessary to enhance the insulin secretory response in individuals with type 2 diabetes, their effects on beta cell proliferation are less clear [35] . To investigate these effects, we chose the βIRKO mouse, a model that exhibits blunted acute phase insulin secretion and an age-dependent loss of beta cell mass [11] . This model also reflects features similar to the dysfunctional growth factor signalling found in beta cells of individuals with type 2 diabetes as a result of a downregulation in signalling proteins observed in other studies [26, 27, 36] .
In the current study, upregulation of beta cell mitosis was observed in βIRKO mice following treatment with both DPP-4 inhibitor and GLP-1. The treatment with vildagliptin suppressed DPP-4 activity to an equal extent in βIRKO mice and littermate control insulin-receptor-floxed mice (Fig. 1c) . The βIRKO mice, however, exhibited a greater increase in circulating GLP-1 and insulin and consequently a greater improvement in glycaemia. It is possible that the beneficial effects on beta cells also occur, in part, due to preserved circulating levels of GIP, another direct target of DPP-4 [34] . Indeed, it is reported that both GLP-1 and GIP receptors in [37] . On the other hand, direct GLP-1 monotherapy in βIRKO mice also improved glycaemia due, in part, to an increase in the proliferation of beta cells, emphasising the merits of enhancing the levels of GLP-1 in our current study (ESM Fig. 1 ), in agreement with reports in other models [4, 38, 39] . Our additional experiments using beta cell lines treated with GLP-1 and its analogue ( Fig. 3 and Fig. 5 ) also support the in vivo data of GLP-1 effects on beta cell mitosis. Recent findings in a beta cell-specific GIP receptor-disrupted mouse model indicate that the effects of GIP on beta cells are mostly due to suppression of apoptosis and enhancement of insulin secretion [40] . Other considerations when examining the pleiotropic actions of DPP-4 and inhibiting its activity include: (1) a role for other peptides, including stromal cellderived factor 1 (SDF-1), substance P and neuropeptide Y (NPY), which are known substrates of DPP-4 [41] ; (2) data suggesting that in addition to its peptidase activity, DPP-4 binds to other proteins and is directly involved in immune stimulation, binding to extracellular matrix and lipid accumulation [42] ; (3) reports that DPP-4 itself acts as an adipokine which impairs insulin sensitivity [43] . Thus, while it is possible that the effects of vildagliptin observed in βIRKO mice are due to the actions of both incretins, additional studies are necessary to ascertain whether the contributions of one incretin dominates the other on beta cell mitosis and whether the pleiotropic effects of DPP-4 inhibitors add or detract from the benefits of the incretins in the treatment of diabetes.
In vildagliptin-treated βIRKO mice, the plasma GLP-1 levels were significantly upregulated to a level that was higher than those in control mice treated similarly. While the pathways that promote higher levels of circulating GLP-1 in the βIRKO mice are not understood it is notable that elevated plasma DPP-4 activity has been reported in several studies, suggesting a relationship between impaired glucose tolerance, obesity and DPP-4 enzymatic activity [44] [45] [46] . Thus, it is possible that basal DPP-4 activity is upregulated in the glucose-intolerant βIRKO mice, leading to compensatory upregulation of GLP-1 secretion prior to treatment and that, subsequently, efficient DPP-4 inhibition by In addition to enhancing GSIS in beta cells, incretins exhibit anti-apoptotic activity [47] . In our study, although treatment of βIRKO mice with a DPP-4 inhibitor upregulated beta cell proliferation we did not detect significant changes in apoptosis. This may be related, in part, to the milder 'glucoseintolerant' phenotype in βIRKO mice in contrast to the severe hyperglycaemia typically observed in models of diabetes such as db/db mice [48] .
The longer duration of treatment with vildagliptin (6 weeks), compared with acute GLP-1 treatment (3 weeks), may have also contributed to the improvement in glucose homeostasis in the former group. Indeed, a significant increase in beta cell mass was evident in vildagliptin-treated mice, while 3 weeks of GLP-1 treatment led to a significant increase in cellular proliferation markers but no discernible change in mass. These data indicate that in addition to acute stimulation of insulin secretion, the chronic effect of prolonged GLP-1 therapy is necessary to increase beta cell mass. The lack of effects of GLP-1 in control mice is consistent with a selective role for the incretin hormone in hyperglycaemia and underscores its significance as a therapeutic agent for type 2 diabetes [35] . The possibility that GLP-1 signalling is suppressed by the dominant effects of insulin signalling, to prevent excess stimulation and allow for beta cell rest in the normal state, requires further work.
In mice, cyclin D2 is a dominant determinant of beta cellcycle progression [19] , and disruption of cyclin D2 or its functional partner CDK4 leads to a diabetic phenotype due to severely impaired beta cell proliferation [18, 19] . In our studies, the low levels of cyclin D2 protein in beta cells are consistent with their slow growth and reduced mass in the βIRKO mice [10, 11] . The results from experiments following insulin receptor re-expression in βIRKO cells or acute ablation of insulin receptors in insulin receptor-floxed cells suggests that modulation of insulin receptors directly regulates cyclin D2 expression in beta cells. The increase in beta cell proliferation in βIRKO mice following vildagliptin treatment can be explained by the upregulation of cyclins A, D1, D2 and E, each of which is important for beta cell-cycle progression [17] . Indeed, elevated cyclin D1 promotes beta cell proliferation and an increase in islet mass in mice, while another study reported that Ex-4 treatment elevated cyclin A2 expression in beta cells in a knock-in mouse model, with upregulated cAMP signalling secondary to activated CREB [23, 24] . It has been reported that cyclin D2 is regulated at the level of protein stability rather than transcription [49] . The expression of cyclin D2 protein was significantly reduced in βIRKO cells; its mRNA expression was not decreased in islets from βIRKO mice and, rather, was increased in the βIRKO beta cell line. However, protein stability of cyclin D2 assessed by CHX assay was comparable between groups. Since p27 protein is degraded by cyclin D2-dependent translocation to cytosol during G0 to G1 cell-cycle entry [50] , the enhanced expression of p27 in βIRKO cells could be linked to the reduced cyclin D2 activity. These findings warrant further investigation into the regulatory relationship between insulin receptor and cyclin D2 protein expression in beta cells.
In summary, promotion of GLP-1 signalling enhances beta cell proliferation by upregulating various cyclins and compensates for impaired proliferation of beta cells lacking insulin receptors. These findings suggest an important therapeutic role for GLP-1 and it analogues even in beta cells with dysfunctional signalling as occurs in individuals with type 2 diabetes.
